Development of the vertebrate embryonic nervous system is characterized by a cascade of signalling events. In Xenopus, the initial step in this cascade results from signals emanating from the dorsal mesoderm that divert the fate of the ectoderm from an epidermal to a neural lineage. These signals include extracellular antagonists of the bone morphogenetic protein (BMP). Experiments performed with isolated ectoderm suggest that epidermis is induced by BMP, whereas neural fates arise by default following BMP inhibition; however, we show that this mechanism is not sufficient for neural determination. 
Introduction
In the amphibian, the formation of the nervous system is initiated very early in development (9 h post fertilization), during gastrulation, with a process called neural induction. This is the first phase in neurogenesis. Neural induction in vertebrate species may exhibit a degree of morphological and signalling similarities, however, only a few species have been studied in great detail. Most current information regarding Ca 2+ signalling during neural induction comes from amphibian development, and this shall be used as a model to discuss the phenomenon. The classical experiments of Spemann and Mangold in 1924 [1] , using the urodele amphibian model system, show that neural induction involves an interaction between the dorsal mesoderm and the ectoderm, which leads to a diversion of the epidermal lineage towards the neural fate. During this process, the ectoderm of the embryo becomes regionalized to form the highly specialized and interconnected regions found later in the adult nervous system [2] . The cells develop in defined temporal and spatial patterns as a result of several classes of signalling molecules and a precise local control of gene expression. Thus, immature ectoderm cells are faced with a series of binary choices, the first of which is to become an epidermal or a neural cell.
In the last 10 years it has been suggested that neurogenesis results from the opposing action of ventralizing signals (e.g. Bone Morphogenetic Proteins, BMP) coming from the ectoderm, and dorsalizing signals from the dorsal mesoderm (e.g. noggin, chordin, follistatin, XnR3 and Cerberus) (reviewed by [3] ). However, there is increasing evidence to suggest that antagonizing BMP signalling is not sufficient to explain neural induction and that FGF signalling is also required [4, 5] .
In this review, we will outline our hypothesis that another signalling pathway, involving transient rises in intracellular calcium concentration ([Ca 2+ ]) i , controls the binary choice (i.e., epidermis or neural tissue) of determination. We will describe (i) the Ca 2+ signals that occur during neural induction and their essential characteristics; (ii) a possible downstream effector that fits into the signalling cascades involved; and (iii) a new model to explain the role of Ca 2+ in neural induction and thus reevaluate the concept of "by default" neural induction.
Ca
2+ is involved in the choice between neural and epidermal fate
The several layers of ectoderm cells above the blastocoel in late blastula-or early gastrula-stage embryos are called the animal cap. Animal caps can be dissected and kept for several days in physiological medium. These cells are multipotent and exhibit plasticity where, without the addition of inducing factors, they give rise to epidermal cells (i.e., atypical epidermis). When appropriate neural inducers such as noggin are added to the culture medium, animal cap cells express a variety of neural markers. This assay is therefore a good model to estimate the neural inducing activity of activators or inhibitors.
As early as 1964, Barth and Barth [6] suggested that Ca 2+ is important to trigger neuralization in Rana pipiens ectoderm. More recently, the dissociation of animal caps in Ca 2+ and Mg 2+ -free medium has been shown to orientate the cells toward a neural fate [7] [8] [9] [10] . Frequently, the explanation given for this neuralization by dissociation phenomenon is that the epidermal inductors (BMPs) are being diluted from their receptors. This theory was taken as fact for many years because it was reported that when BMP4 is added at a high concentration during dissociation, the expression of neural markers is totally abolished [11] . Recently, it has been shown that cell dissociation induced a sustained activation of the Ras/MAPK pathway, which causes the phosphorylation of Smad1 at sites that inhibit the activity of this transcription factor. This demonstrates that BMP ligands continue to signal in dissociated cells [12] . In addition, we have shown that the dissociation of animal caps in Ca 2+ -free medium triggers an increase in [Ca 2+ ] i (Fig. 1A) . This increase is due to an efflux of Ca 2+ from internal stores resulting from the inversion of the gradient of concentration in Ca 2+ between intra-and extracellular compartments [13] . To discriminate whether during cell dissociation, the increase in [Ca 2+ ] i is a cause or a consequence of neural induction, we have loaded animal cap cells with the Ca 2+ chelator BAPTA. Under these conditions, the neuralization by dissociation is blocked (i.e., the neural marker NCAM is not expressed, Fig. 1B and Ref. [13] ). This demonstrates that, at least in animal caps, a Ca 2+ -dependent signal is necessary to trigger neuralization of the ectoderm and to inhibit epidermal determination.
DHP-sensitive Ca
2+ channels and neural induction
The neuralizing protein noggin has been shown to be a binding partner of BMPs and an antagonist of BMP signalling [14] . Addition of the neural inducer noggin to animal caps from amphibians (the urodele, Pleurodeles or the anuran, Xenopus) triggers an increase in [Ca 2+ ] i . This increase has a duration of 10-20 min and represents a rise to about 15% above that of the resting level of [Ca 2+ ] i [15, 16] . It is completely inhibited by antagonists of dihydropyridine (DHP)-sensitive Ca 2+ channels, such as nifedipine or nimodipine, thus indicating an influx of Ca 2+ from an external source. The animal caps directly stimulated by specific agonists of DHP-sensitive Ca 2+ channels, such as S(−)Bay K 8644, present a transient increase in [Ca 2+ ] i of 20 min duration. This increase is sufficient, even in an active BMP context, to trigger not only the expression of neural markers but also the formation of neurons and glial cells [16] . Conversely, the blockade of DHP-sensitive Ca 2+ channels inhibits neural induction [17] . In addition, methylxanthines such as caffeine or theophyline, which are known to release Ca 2+ from internal stores, are potent neural inducers [16, 18] . These experiments suggest the crucial role played by Ca 2+ since, whatever its provenance, it triggers neuralization of the ectoderm. Early work, on neural induction in amphibians, identified the lectin concanavalin A (ConA) as a potent neural inducer when added to animal caps of both anurans and urodeles. So far, it is the only lectin known to have inducing activity [19] [20] [21] . In addition, ConA has been shown to bind to Ca 2+ channels and trigger their activation [22] . We found that an increase in [Ca 2+ ] i occurs during ConA-stimulated neural induction in Pleurodeles waltl animal caps (Fig. 2) . In addition, we demonstrated that specific DHP-sensitive Ca 2+ channel antagonists inhibit this ConA-induced neural induction. Conversely, non-inducing lectins did not raise [Ca 2+ ] i [16] . In amphibian embryos, the neural competence, i.e., the ability of the ectodermal cells to be induced along the neural pathway, is acquired shortly before gastrulation and lost during late gastrula stages [23] . Both protein kinase C (PKC) and G-protein pathways have been proposed to affect the ectodermal competence [24] [25] [26] [27] . However, PKC or G-protein alone are unable to induce neural tissue. We have demonstrated in both Pleurodeles and Xenopus, that the appearance of DHP-sensitive Ca 2+ channels is correlated with the acquisition of neural competence by ectodermal cells [28, 29] . The highest density of these channels is reached when competence of the ectoderm is optimal. Conversely, a decrease in the density of DHP-sensitive Ca 2+ channels occurs simultaneously with the normal loss of competence [29] . We show that these channels are functional and we propose that the molecular basis of the gain or loss of neural competence is linked to the presence of DHP-sensitive Ca 2+ channels in ectodermal cells. (Fig. 3) . Through these observations, we show that neural induction starts earlier than previously thought, and this fact, therefore, needs to be taken into account when considering the initiation of neural induction. If the secreted BMP antagonist, noggin, is also responsible for the Ca 2+ transients observed in whole embryos, then these observations favour the model of planar induction described by Keller [31] . We have also previously confirmed that the patterns of Ca 2+ transients visualized in equivalent ex vivo animal caps are similar to those from whole embryos [34] .
A recent study by the De Robertis group, demonstrated that neural induction requires the combined activity of the Nieuwkoop Center and the Blastula Chordin and Noggin-expressing center (BCNE) located in dorsal animal cells. The BCNE contains the prospective neuroectoderm and Spemann organizer precursor cells. By means of different grafting experiments, the authors demonstrated that the BCNE is required for brain formation [32] . We propose that the Ca 2+ transients observed in the dorsal ectoderm at the blastula stage might well be localized in the BCNE. Ca 2+ transients are therefore the first directly visualized event linked to neural induction.
As gastrulation proceeds, the Ca 2+ transients increase both in number and intensity, to reach a peak activity by mid-gastrulation (stage 11-11.5), a stage where neural determination is thought to have occurred. This activity was found to be strictly restricted to the dorsal ectoderm (i.e., the tissue where neural induction takes place) and never occurred in the ventral ectoderm cells, which do not receive neural inductive signals. The increase in [Ca 2+ ] i is determinant since neural induction in vivo was totally blocked when the embryos were incubated with the potent Ca 2+ chelator, BAPTA, or treated with specific antagonists of DHP-sensitive Ca 2+ channels. Under these latter conditions, the embryos lacked anterior brain structures [13, 16, 17] . The phenotype observed is similar to the one obtained when the BCNE is removed [32] .
Studying the interaction between Ca 2+ signalling during neural induction in intact embryos is complicated by the fact that the whole embryo is a three-dimensional structure where the dorsal ectoderm receives both planar and vertical signals from the mesoderm. In an attempt to simplify the experimental model, Keller open-face explants were used [33] as a two-dimensional system to study neural induction. In these explants, only planar signals pass from the mesoderm to the ectoderm. These signals have been shown to be sufficient to reproduce many aspects of neural induction observed in vivo, such as the expression of neural marker genes, neuronal differentiation, and the induction of a regionalized neural plate along the antero-posterior axis. In this model, Ca 2+ transients start from the most anterior part of the open-face explant and are not exclusively generated at the boundary between the ectoderm and mesoderm (Fig. 4 and [34] ).
What are the Ca 2+ -sensitive target genes?
Ca 2+ has been shown to regulate the expression of immediate early genes such as c-fos [35] . We have shown that in animal caps, Ca 2+ controls the expression of c-fos [36] and of two other transcription factors: XlPou2 and Zic3. While Fos is a ubiquitous transcription factor, XlPou2 and Zic3 are not. These two transcription factors, which belong to the POU domain and oddpaired domain families of transcription factors, respectively, are specific for neural determination [37, 38] [16] , allows the differential isolation of the earliest Ca 2+ -dependent genes involved in neural determination [40] . More than 30 early genes, which were shown to be controlled by Ca 2+ and expressed in presumptive neural territories, were selected. The function of one of these genes, the Xenopus homologue of the mammalian arginine methyltransferase PRMT1, called xPRMT1b [15] , has been studied in further detail. In animal caps, the expression of xPRMT1b is an early response to an increase in Ca 2+ that does not require de novo protein synthesis. Its expression is also triggered following the application of noggin or by the inhibition of BMP signalling with tBR (a non functional form of BMP4 receptor). These effects are specifically blocked by the Ca 2+ chelator, BAPTA. In the whole embryo, xPRMT1b is expressed in neural territories. The early expression of xPRMT1b at the gastrula stage also occurs through a Ca 2+ -dependent mechanism that is mediated by the activation of DHP-sensitive Ca 2+ channels. The overexpression of xPRMT1b in neural territories activates the expression of the neural precursor gene Zic3. In addition, an antisense approach, with a morpholino oligonucleotide against xPRMT1b, blocks the expression of neural markers induced by an increase in Ca 2+ such as Zic3 in animal caps, and impairs anterior neural development in the whole embryo [15] . Identical phenotypes are obtained with antagonists of DHP-sensitive Ca 2+ channels [39] , or when the BCNE is deleted [32] . These results suggest that the enzyme xPMT1b is a direct link between [Ca 2+ ] i increase and downstream events involved in neural induction.
Discussion

Does the role of Ca
2+ fit into the generally accepted ideas about neural induction?
The acquisition of a neural fate has long been considered to be a permissive event, which only requires the inhibition of BMP signalling. This idea lead to the notion of the "by default mechanism", which is prominent in the field today [41] . This "by default" model has allowed us to understand some of the processes at the molecular level, (i.e., for early neurogenesis and epidermal determination), however, a number of important questions remain unsolved. Particularly, the "by default" model conflicts with data from chick and ascidian embryos, which indicate that neural induction is initiated by FGF signalling in a partly BMP-independent manner [5, 42] . For example, the "by default" model has difficulty explaining the inhibition of neuralization (triggered by noggin) that occurs in isolated ectoderm that expresses truncated forms of FGF receptors [43] . In addition, in intact Xenopus embryos the group of Kodjabachian [4] , has showed that BMP inhibition is required but not sufficient for neural induction and that pre-gastrula FGF signalling is required in the ectoderm for the emergence of neural fates. target genes, such as xPRMT1b, will help us to make the link between Ca 2+ influx and neural determination.
Control of the choice of determination: a new model
One of the important unsolved questions raised by our data, concerns the mechanism by which DHP-sensitive Ca 2+ channels are activated during gastrulation in the dorsal ectoderm. This question is linked to another one: how can noggin produce an influx of Ca 2+ through DHP-sensitive Ca 2+ channels? In this respect, it is of interest to further consider the relationship between noggin and the FGF receptor. For example, in several models such as in chick embryonic neurons, it has been demonstrated that during cell proliferation, activation of the FGF receptor stimulates the release of arachidonic acid and its metabolites, which in turn activates a Ca 2+ influx [44, 45] . Another question is why Ca 2+ signals start in the anterior part of the ectoderm, since the inducing signal has been proposed to be diffusing molecules secreted by the dorsal mesoderm. This problem is more puzzling in open-face explants, since they are kept flat under a coverslip. Under these conditions, neural induction depends only on the planar signals generated by the mesoderm; however, we observed that the Ca 2+ transients occur at first in the anterior part of the planar explant and not exclusively at the border between mesoderm and ectoderm [34] . This anterior region of Ca 2+ transients at the blastula stage might correspond to the Blastula Chordin and Nogginexpressing center. The presence of neural inducers, such as noggin, in the blastula ectodermal precursor cells [32] and the evidence that noggin activates DHP-sensitive Ca 2+ channels in animal caps [15, 36] support this hypothesis.
How might Ca
2+ up-regulate neural genes?
Control of gene expression by Ca 2+ very often involves changes in the transactivating properties of transcription factors after the induction of Ca 2+ -dependent kinases and phosphatases. Activation of Ca 2+ calmodulin kinase II (CaMkinase II) has been reported to occur during the transcriptional activation of immediate early genes such as c-fos [35] . In isolated ectoderm from the newt, Pleurodeles waltl, a Fos-related protein is upregulated during neural induction. This up-regulation is mediated by the activation of DHP-sensitive Ca 2+ channels. The expression of this Fos-related protein is dependent on the activation of a CaMkinase, blocked by KN62, which in turn phosphorylates the Ca 2+ /cAMP response element binding protein (CREB) [36] .
In So far, the most intensively used approach for inhibiting BMP signalling has been via the action of BMP antagonists (i.e., noggin and chordin), which prevent BMP4 from interacting with its receptor. An alternative approach is to act downstream and to block either BMP receptor activation or Smad phosphorylation. The spatial distribution of activated Smad1 (phosphorylated Smad1) has been reported to change at the onset of gastrulation. Prior to gastrulation, the pattern of phosphorylated Smad1 is equally distributed between the dorsal and ventral sides of the embryo, reflecting an even activation of the BMP4 signalling pathway. In contrast, at the late blastula stage, Smad1 phosphorylation is enriched in the ventral side and by early gastrulation most of the activated Smad1 is localized to the ventral side [47] . This correlates with the pattern of Ca 2+ increase, which starts in the dorsal ectoderm at the blastula stage and is at a maximum at mid-gastrulation [39] . One can hypothesize that the dephosphorylation of Smad1 in the dorsal ectoderm during gastrulation is controlled by calcineurin, a Ca 2+ / calmodulin dependent phosphatase 2B. Xenopus calcineurin is expressed throughout early development [48] . Furthermore, injection of constitutively active mouse calcineurin in a ventral location, produces a double axis [49] .
Finally, we propose a new model of neural induction to modulate the concept of the "by default" mechanism. This model integrates the activation of a Ca 2+ -dependent signalling pathway due to an influx of Ca 2+ through DHP-sensitive Ca 2+ channels. While Ca 2+ is required for the activation of neural specific genes, epidermal determination occurs when the Ca 2+ -dependent signalling pathway is inactive (Fig. 5) .
